Background: Females can differentially deposit the immune factor lysozyme into eggs based on conditions of local breeding density and laying order.
Background
It is well known that birds and other vertebrates nest in colonies during the breeding season. The benefit of colonial breeding is obvious, especially in defending against predators and for forging food (Götmark and Andersson 1984; Danchin and Wagner 1997) . But this comes at the cost of enhancing trans-shell infection by parasites, because the number of pathogenic parasites is closely related to nest density (Brown and Brown 1986; Tella 2002) . In birds, adults have evolved an array of specific morphological, physiological and behavioral mechanisms to cope with parasites (Kaplan 1985; Mousseau and Fox 1998) , but the most effective mechanism is their own immune system which is composed of two different branches: innate immunity responses are relatively rapid, non-specific defenses while acquired immunity responses are typically slower and highly pathogen-specific (Klasing and Leshchinsky 1999) . However, the immune system of chicks at their early stage is immature and the chicks are virulently vulnerable to pathogenic parasites. To compensate for this parents can, to a considerable extent, affect the survival of their offspring by transmitting immune factors into eggs via maternal effects (Pastoret et al. 1998) .
Avian eggs contain a network of immune factors: immunoglobulin, which represents acquired immunity, is mainly transmitted into the yolk via specific responses to pathogens (Kowalczyk et al. 1985) ; lysozyme which is the major component of their innate immunity and transmitted into the albumen can protect the chick from parasites by digesting the peptidoglycan of the cell walls of bacteria (Javurkova et al. 2015) . Females could, therefore, deposit different levels of lysozyme in the eggs of neonatal birds to resist the local parasitic environment, because the various kind of parasites are dependent on the breeding density, which varies among nest sites (Brown and Brown 1986; Tella 2002) .
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Indeed, a previous study has shown that females declined lysozyme in plasma before laying egg and that the clutch size is negatively related to lysozyme concentrations (Saino et al. 2002) . This suggests that egg lysozymes derive from the mother whose production of female lysozyme is limited and hence females may deposit lysozyme in eggs differentially within a clutch. There are only few references in the current literature about the allocation of lysozyme into eggs, of which some suggests stability (Shawkey et al. 2008; D' Alba et al. 2010) and the rest shows a decreased allocation in the laying sequence (Saino et al. 2002) .
In this study, our first objective was to investigate the relationship between breeding density and lysozyme levels in eggs of the Great Cormorant (Phalacrocorax carbo) and secondly we wanted to analyze the variation in the level of lysozyme with the sequence of laying eggs within a clutch. This variation may reflect the performance of chicks in the future.
Methods

Field methods
Our study was carried out in a breeding colony of Great Cormorants (Phalacrocorax carbo) from April to May of 2013, located on an island in Qinghai Lake (36°58′N, 99°54′E). The Great Cormorant is a migratory bird, nesting on this island on cliffs and an ichthyophagous bird of the Pelecaniformes. The species is monogamous, asynchronous with a mean clutch size of four. Both parents take turns on incubation which lasts for 28 days, after which the offspring will be fed until 60 days before fledging.
In our daily detection work, eggs were marked according to the order of laying, then each day collected between 18:00 and 19:00 h. We determined the breeding density by the number of nests within a radius of 3 m around one particular nest. The eggs collected replaced with dummy eggs to prevent females from abandoning their nests. Egg length and breadth were measured with a caliper, to the nearest 0.1 mm and weight was measured with a balance with an accuracy of 0.1 g. Egg volumes were estimated by Hoyt's formula, i.e., volume = length × breadth 2 × 0.51. The collected eggs were then cracked open in a bio-safety cabinet entirely under sterile conditions. The yolk was separated from the albumen by using sterile pipettes and the albumen was stored at −20 °C.
Lysozyme assay
Our lysozyme assay consisted of four steps (Shawkey et al. 2008) . (1) We put 25 mg of dried Micrococcus lysodeikticus (Sigma) in a 50 mL 1 % agar solution (Sangon Biotech Ltd) and cultivated the suspension at a temperature of 50 °C. (2) We then mixed 150 μL of this suspension with each 10 μL albumen sample on a 96-well plate. The standard curve is obtained by adding the bacterial suspension to serial dilutions of a standard lysozyme solution (Sigma). (3) In our third step plates were incubated overnight at room temperature and absorbance was measured with a Versamax microplate reader at a 850 nm wavelength. (4) In the end, we calculated the concentration of lysozymes in each sample by a standard curve. All tests were repeated three times to ensure the accuracy of the results (RSD < 2.5 %).
Ethical considerations
All of our research was carried out with the approval of the Wildlife Service of the Qinghai Forestry Department, by collecting permits from the Qinghai Lake National Nature Reserve. We will remove all dummy eggs immediately after clutch completion to minimize the impact on the populations.
Statistical data analysis
All statistical data were performed in SPSS 20.0. We used one way ANOVA to test the variation between the laying order and lysozyme concentrations. Correlation analysis was carried out in order to investigate the relationship between the concentration of lysozyme and nests density.
Results
Our results revealed that the concentration of lysozyme increased with the laying order (F = 9.950, p = 0.001 < 0.05, Fig. 1) , with the last egg laid having the highest lysozyme level. The difference of lysozyme between the first three eggs was also significant(F = 5.43, p = 0.041 < 0.05). The variation between lysozyme and the laying order was independent of egg weight (F = 1.09, p = 0.31) and egg volume (F = 0.84, p = 0.36), while the level of lysozyme between clutches is positively related to nests density (R = 0.8832, p < 0.0001, Pearson correlation).
Discussion
Between-clutch variation
From the results, we found the levels of lysozyme to be positively correlated to breeding density. In eggs, lysozyme not only contributes to physical defense but also to chemical defense (Trziszka 1994) , hence higher concentrations of lysozyme may reflect stronger protection of eggs against parasites during embryo development. The number of pathogenic parasites has demonstrated close correlation with breeding density, so it may be adaptive for birds to deposit more lysozyme in eggs when breeding density is high.
Alternatively, the relationship between levels of lysozyme and breeding density may be a reflection of good health in females. The Great Cormorant in Qinghai Lake migrates long distances and then breeds in Qinghai Lake. According to our observations, the early arrivals always nested in the center of a colony. Since the level of lysozyme in females decreases before laying eggs, the higher levels of lysozyme in the center is consistent with the condition of the female.
Within-clutch variation
Our results show that the lysozyme concentration increases with the laying sequence within a clutch, in contrast to the result in barn swallows (Saino et al. 2002) . Most birds have to incubate before clutch completion, which causes asynchronously hatching (Clark and Wilson 1981; Stoleson and Beissinger 1995) , because the first-laid eggs stay longer in the nest than those laid the last and are easily infected by parasites (Cook et al. 2005) . Consequently, a hierarchy of size or body mass among siblings is established. The mother can deposit various kinds of substances in eggs to mitigate or enhance the hierarchy in the: steroid hormones of her brood (Schwabl 1993; Lipar and Ketterson 2000; Eising et al. 2001 ), carotenoids (Blount et al. 2002 Saino et al. 2002) in egg yolk and lysozyme in egg albumen (Saino et al. 2002) . Two of the most important theories can be invoked to explain the significance of different allocations: one is the broodreduction theory which posits that parents transmit more resources into the first-laid eggs to enhance their reproductive value when food is scarce (Vinuela 1997; Gil et al. 1999) ; the other is the brood-survival theory suggesting that parents mitigate the disadvantages of the younger members of the clutch to improve the survival of whole brood (Schwabl 1997; Lipar et al. 1999) . Our results may provide some evidence for the brood-survival theory. Although there is no direct evidence that lysozyme can improve the viability of offspring, the levels of lysozyme in neonatal birds before 12 days is mainly derived maternally. Hence, the fact that females invest more lysozyme in the last-laid eggs not only provides more effective defense for the last-laid eggs but also can help the lasthatched birds to save more resources in order to catch up with their siblings.
The allocation of lysozyme on the basis of the local environment and the combination of asynchronous hatching with differential lysozyme allocation within a clutch, will allow mothers to improve the survival probability of the entire brood. This may be adaptive for birds, but in the future we should invest more resources to investigate how lysozyme affects the survival of birds.
